The domain wall nucleation and propagation fields in cobalt nanowires grown by focused electron beam induced deposition are measured using spatially resolved magneto-optical Kerr effect. The study was systematically done for wire widths from 600 to 150 nm, finding significant differences in the value of both fields for the wires, indicating high quality domain wall conduit behavior. The extreme simplicity and flexibility of this technique with respect to the multistep lithographic processes used nowadays opens a different route to create magnetic nanostructures with a good control of the domain wall motion. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3139068͔
The local deposition of materials by means of focusedelectron-beam-induced-deposition ͑FEBID͒ and focused-ionbeam-induced-deposition ͑FIBID͒ is an interesting way to grow nanostructures. The beam decomposes the adsorbed molecules as it is scanned on the surface, inducing a localized deposit. Thus, the creation of patterns with nanometer resolution is performed in a direct way, just as "a pencil writing on a paper." This simplicity is the main advantage with respect to other more well-established lithographic techniques, where several steps, usually involving resist, are required. FEBID and FIBID are currently used in a wide range of research applications, as well as in industry, with carbon and tungsten being the most common used materials. 1, 2 Regarding the deposition of magnetic nanostructures by these techniques, results in the literature can be found for iron 3 and cobalt. [4] [5] [6] [7] As the deposits are usually formed from an organometallic precursor, the metal content ranges from a few to several tens of atomic percent but rarely exceeds 50 at. %. The remaining part is mainly composed of carbon, whose fraction becomes a key parameter, which normally alters dramatically the properties of the deposited material.
1,2,6-8 Thus, the magnetic characterization of these materials is an essential issue. To date, studies of the magnetism of single nanodeposits have been carried out, either in an indirect way, by electrical magnetotransport measurements, 6, 8 or by local probes, such as magnetic force microscopy 6, 8 or electron holography. 3 Recently, we have reported extremely highly pure cobalt FEBID deposits, with a saturation magnetization, M s , of 1330Ϯ 20 emu/ cm 3 ͑around the 95% of the value for pure cobalt͒ as inferred from magnetotransport characterization. 9 The local heating induced by the electron irradiation, together with the relatively low temperature for decomposition for this gas precursor, ϳ100°C, seems to play a major role for a higher purity in comparison with other precursors, as has been previously pointed out.
1,2,7 In our case, this effect is more significant than in previous reports, by the use of a field-emission gun electron column, resulting in Co atomic percentages higher than 90%.
Here we measure magnetic hysteresis loops in single nanometer-sized Co nanowires ͑NWs͒ fabricated by FEBID by means of spatially resolved magneto-optical Kerr effect ͑MOKE͒ at room temperature. The work is centered on studying the domain wall ͑DW͒ conduit properties of such nanostructures, 10 i.e., the possibility to displace DWs at much lower magnetic fields than are needed to nucleate new domains. Controlling the switching of nanometer sized elements is the subject of intense research due to their potential applications in fields such as spintronic logic 10 or DW based memory devices. [11] [12] [13] Most of the work to date in this field has been done on Permalloy NWs. We show in this letter that FEBID-Co is a good alternative for such applications.
L-shaped NWs were grown in a commercial dual beam system ͑Nova Nanolab by FEI͒ with an electron beam energy of 10 kV, and a beam current of 2.1 nA, using dicobalt octacarbonyl ͓Co 2 ͑CO͒ 8 ͔ as the precursor material. A 200 nm wide structure is shown in Fig. 1͑a͒ . The time taken to fabricate this structure under the chosen conditions is approximately 2 min. Atomic force microscopy ͑AFM͒ measurements were done to measure the exact dimensions of each NW. The thickness of the NWs is 50 nm, with widths ͑w͒ between 600 and 150 nm. AFM scans along different zones of the NW were done ͓see dashed lines in Fig. 1͑a͔͒ , indicating that a good uniformity in the shape of the structures is attained, with deviations in the section of the wires smaller than 10%. As an example, different scans along a 590-nmwide wire are shown in Fig. 1͑b͒ . Both ends of the NW are pointed to avoid domain nucleation. 10, 13 Each structure was analyzed using a high sensitivity MOKE magnetometer. 14 The ϳ5 m diameter focused laser spot was placed on the horizontal arm of the wire ͓see circle in Fig. 1͑a͔͒ Magnetization measurements along the direction perpendicular to the main axis of the NW ͑not shown here͒ revealed that saturation is not reached with the maximum field applied, of 400 Oe. This is in agreement with previous magnetoresistance measurements, 9 where fields up to 10 kOe were necessary to align the magnetization in the transverse direction. We therefore confirm that the magnetization is completely aligned along the wire axis in the remanent state as a consequence of the shape anisotropy. The binary states can be associated to the two directions of the magnetization ͑+M s ,−M s ͒ along the easy axis.
To study the possible good control of DWs of the FEBID Co, a quadrupole electromagnet was used to apply two types of ͑H x , H y ͒ magnetic field sequences at a frequency of 1 Hz. 15 In the first procedure, a DW is initially formed at the corner of the NW. In this case, magnetization reversal occurs by the propagation of this DW in the NW. In the second field sequence, no DW is formed at the corner, so the nucleation of a DW is required to reverse the magnetization. A schematic of the processes occurring in the L-shaped structure in half a cycle ͑from positive to negative magnetic fields͒ is shown in Figs. 2͑b͒ and 2͑d͒ for the two types of measurements. The other half of the cycle is symmetric. Hysteresis loops for the particular case w = 500 nm are shown in Fig. 2 . To reduce the noise, 30 loops were averaged. In Fig. 2͑a͒ , the DW initially formed at the corner is propagated through the horizontal NW, switching its magnetization when the socalled propagation field value ͑H P =30 Oe͒ is reached. On the contrary, in Fig. 2͑c͒ no DW is previously created at the corner. The reversal in this case happens at significant higher magnetic fields ͑at the nucleation field H N =91 Oe͒. H P and H N are very different, with H P Ͻ H N . This behavior is fundamental for possible applications of this material to devices which rely on the formation and control of DWs. It must be noticed that a small field offset in the y-direction was maintained in both sequences after the initialization of the magnetization, ensuring that the DW remains in the bottom of the structure and does not propagate in the y-direction. 16 This offset ͑H y off ͒ was chosen so that H y off Ͼ H p for the wider NWs, and was maintained when measuring all the NWs for consistency. Systematic measurements of H p and H n as a function of H y show that this transverse offset has very little effect on the switching fields: a maximum variation of 15% was observed in H p for a 150 nm wire when H y varied between 20 and 80 Oe. The error bars on Fig. 3 take into account this small effect. ͑Color online͒ Left: MOKE determined magnetization hysteresis loops ͑solid lines͒ and corresponding field sequences ͑dashed lines͒ used to measure the propagation ͑a͒ and the nucleation field ͑c͒ for a 500-nm-wide NW. The arrows on the graphs indicate the sense of variation of the magnetization and the field as the routine is applied. Right: Schematic diagrams of magnetization configurations obtained during half a field cycle ͑the other half cycle is identical, but with all fields reversed͒. External arrows show the applied magnetic field; internal arrows show the direction of magnetization in the nanostructure. The circle ͑not to scale͒ represents the MOKE laser spot. In ͑b͒ ͑propagation͒ the magnetic field generates a DW at the corner of the L-shaped NW. As H x changes to negative values, this DW is propagated through the horizontal arm, switching its magnetization at −H P . The subsequent change of H y from positive to negative values again induces the generation of a DW in the corner. In ͑d͒ ͑nucleation͒, the external field saturates the magnetization along the NW. As H x is reversed to negative values, a reversed domain is nucleated when H x =−H N ; the magnetization in the horizontal arm switches and a DW is now present at the corner of the NW. The change of H y to positive values again saturates the magnetization along the NW, in the opposite direction to the initial configuration.
In Fig. 3 , the propagation and nucleation fields are shown as a function of the NW width. In the case of H N , an inverse relationship with the width is found: H N ϰ w −1 . This dependence has been previously found by means of magnetoresistance measurements in Co NWs created by electron beam lithography. 17 It can be understood in magnetostatic terms, as a consequence of the shape dependence of the stray field of the wire. 17, 18 We can see that H P has a similar dependence on width. A good fit is also obtained with the inverse of w. In the case of the nucleation loops, abrupt transitions are always observed, suggesting that the reversal mechanism is by the nucleation of domains plus propagation, starting from a monodomain state. 17 In the case of DW propagation, the transition is not as abrupt as in nucleation field measurements, especially for the narrow NWs. This widening could be thought to be caused by a series of pinning sites under the MOKE spot. However, single-shot loops ͑not shown here͒ are all sharp, indicating this is not the case. Therefore, the relatively wider transitions for H p are caused by the statistical averaging of abrupt switches occurring at close but slightly different fields. These results show that for the dimensions chosen, the conduction of DWs in FEBID Co NWs is excellent. The propagation fields are of a few tens of oersted for the wider NWs. These values are comparable with those ones obtained for thin and narrow Permalloy NWs used nowadays by the scientific community in the area. [10] [11] [12] [13] [14] [15] This is not the case for these narrower NWs, where H p are too high for most practical magnetoelectronic applications. Thinner NWs should be studied to determine if good DW control is achieved for narrow FEBID Co NWs in a practical range of fields.
In summary, we report direct hysteresis loop measurements performed by MOKE on single Co NWs fabricated by FEBID. We have demonstrated well-controlled formation and motion of DWs in cobalt NWs grown by this technique. In the range of dimensions studied, the shape anisotropy forces the magnetization to lie in the longitudinal direction of the NW. The process for reversal of the NW is well controlled by the magnetic fields applied, being possible to select either DW propagation, or nucleation of a new domain. Both kinds of processes occur at well-defined fields. Significant differences are found for the fields necessary to reverse the magnetization, if a DW is initially present, or not, in the nanostructure. This demonstrates the conduit properties of the Co FEBID NWs. The implementation of complex magnetic NW networks, necessary for real applications based on DW control, is a routine task with this technique, with the enormous advantage of the simplicity with respect to others with nanometer resolution, and the possibility to create these devices, in principle, on any surface. This work was supported by the Spanish Ministry of Science ͑through projects MAT2008-03636-E and MAT2008-06567-C02, including FEDER funding͒ and by the Aragon Regional Government. 
